The aim of the study was to examine central auditory processes compromised by age, age-related hearing loss, and the presentation of a distracting cafeteria noise using auditory event-related potentials (ERPs). In addition, the relation of ERPs to behavioral measures of discrimination was investigated. Three groups of subjects participated: young normal hearing, elderly subjects with normal hearing for their age, and elderly hearing-impaired subjects. Psychoacoustic frequency discrimination thresholds for a 1000-Hz pure tone were determined in quiet and in the presence of a contralateral cafeteria noise. To elicit ERPs, small frequency contrasts were presented with and without noise under unattended and attended conditions. In the attended condition, behavioral measures of dS detectability and reaction times were also obtained. Noise affected all measures of behavioral frequency discrimination significantly. Except N1, all ERP components in the standard and difference waveforms decreased significantly in amplitude and increased in latency to the same degree in all three subject groups, arguing against a specific age-related sensitivity to the effects of contralateral background noise. For N1 amplitude, the effect of noise was different in the three subject groups, with a complex interaction of age, hearing loss, and attention. Behavioral frequency discrimination was not affected by age but deteriorated significantly in the elderly subjects with hearing loss. In the electrophysiological test, age-related changes occurred at various levels. The most prominent finding in the response to the standard stimuli was a sustained negativity (N2) following P2 in the young subjects that was absent in the elderly, possibly indicating a deficit in the inhibition of irrelevant information processing. In the attended difference waveform, significantly larger N2b and smaller P3b amplitudes and longer N2b and P3b latencies were observed in the elderly indicating different processing strategies. The pronounced agerelated changes in the later cognitive components suggest that the discrimination of difficult contrasts, although behaviorally maintained, becomes more effortful in the elderly.
INTRODUCTION
Difficulty in understanding speech is a common complaint of elderly persons, especially in adverse listening conditions (Committee on Hearing 1988). There is increasing evidence that peripheral, central auditory, and cognitive factors are involved, although the relative contributions and interactions among these factors have not been fully delineated (Frisina and Frisina 1997) . Speech perception in noise requires the ability to focus on relevant information (speech) while inhibiting the processing of irrelevant information (background noise). This selective attention process is impaired by the aging process in the visual, somatosensory, and auditory modalities (Hasher and Zacks 1988; Barr and Giambra 1990; McDowd and Filion 1992; Chao and Knight 1997; Friedman et al. 1998) . Some studies have suggested a decline in the earlier sensory-perceptual processing stages, whereas others have pointed to the later attentional mechanisms involved in selective attention (for a review, see Plude et al. 1994) .
Both behavioral and electrophysiological measures have been used to investigate age-related changes in auditory processing and discrimination. Psychoacoustic measures provide useful information about a listener's auditory perception of a sound. However, performance in such experiments inevitably reflects a conscious attentional process and therefore does not allow conclusions about the level or localization of a deficit nor about how a sound is processed when it is outside the focus of the listener's attention. Auditory event-related potentials (ERPs) may be more suited to determine the stages of central auditory discrimination processes compromised by aging and by hearing loss. They provide excellent temporal resolution of stimulus analysis and allow assessment of the various levels of auditory discrimination, from the earlier sensory perceptual to the later cognitive levels. In addition, ERPs can be recorded with or without the subject's attention, yielding information from different attentional states. Surprisingly, although the impact of background noise on speech understanding in the elderly is a well-known phenomenon, studies using objective methods, such as ERPs, to investigate the underlying mechanisms are lacking. Various ERP studies have investigated the effects of either age, hearing loss, or noise on auditory perception, but studies considering all three factors together are missing.
Event-related potential studies investigating agerelated changes have reported decreasing amplitudes and increasing latencies with increasing age for the earlier sensory-perceptual potentials P1, N1, and P2, for the preattentive automatic mismatch negativity (MMN) and the later cognitive components N2b and P3b or P300 (e.g., Picton et al. 1984; Ford and Pfefferbaum 1991; Czigler et al. 1992; Woods 1992; Iragui et al. 1993; Karayanidis et al. 1995; Anderer et al. 1996; Polich 1996; Amenedo and Diaz 1998a; Gaeta et al. 1998; Alain and Woods 1999; Pekkonen 2000) . These changes seem to occur more consistently in the endogenous, or cognitive, stages of information processing, but less in the exogenous, or sensory-perceptual stages. A few studies have investigated the effect of hearing loss on ERPs yielding equivocal results that may be explained by differences in the subjects' age and degree of hearing loss and the type of stimuli used (Polen 1984; Wall et al. 1991; Oates et al. 2002; Tremblay et al. 2003 Tremblay et al. , 2004 .
In contrast, the various studies addressing the effect of background noise on ERPs reported consistently decreased amplitudes and increased latencies comprising all ERPs independent of the type of noise and signal-to-noise (S/N) ratio (Seidel et al. 1992; Salo et al. 1995; Whiting et al. 1998; Martin et al. 1999; Cunningham et al. 2001; Muller-Gass et al. 2001; Novitski et al. 2001; Salisbury et al. 2002; Wible et al. 2002; Hayes et al. 2003) . A specific age-related sensitivity to noise with significantly more decreased N1 and P2 amplitudes in elderly listeners has also been reported (Cranford and Martin 1991; Hymel et al. 1998; Fisher et al. 2000) .
The purpose of the current study was to investigate the effects of age, age-related hearing loss, and a distracting noise on auditory frequency discrimination in young and elderly listeners. Event-related potentials and behavioral measures were used because despite the limitations of psychoacoustic tests, it is important to determine how ERP waveforms are related to behavioral performance. The electrophysiological testing included both unattended and attended conditions to obtain a comprehensive set of ERP components from the earlier sensory-perceptive (P1YN1YP2 complex), preattentive automatic (MMN), and later cognitive attention-related levels of processing (N2b, P3b). Small frequency changes were used as a paradigm in both tests because they are relevant to speech perception. Furthermore, the effects of age on the discriminative potentials MMN, N2b, and P3b have been shown to be more evident when tested with small stimulus contrasts (Gaeta et al. 1998; Bertoli et al. 2002) . A contralateral cafeteria noise was chosen as a distractor because it represents a more realistic daily listening situation than a continuous unmodulated noise. A speech perception in noise (SPIN) test was administered to obtain information about speech understanding in a realistic everyday listening situation. The combination of electrophysiological and behavioral measures, as well as the investigation of the three factors, i.e., age, age-related hearing loss, and distracting noise, within the same study could provide a more comprehensive understanding of presbycusis.
METHODS

Participants and screening procedures
Ten young normal-hearing subjects (YNH; mean age = 26.2 years, range 20Y38 years; five men), 10 elderly subjects with normal hearing for their age (ENH; mean age = 67.5 years, range 61Y81 years; six men), and 10 elderly hearing-impaired subjects (EHI; mean age = 72.8 years, range 67Y79 years; six men) participated. The right ear of each subject was used 208for testing. The mean pure-tone audiograms of the three groups for the right ear are depicted in Figure 1 . Pure-tone air-conduction thresholds for the young subjects were e20 dB HL from 0.25 to 8 kHz, and for the relatively normal-hearing elderly subjects, e20 dB HL from 0.25 to 3 kHz and elevated above 3 kHz. The elderly hearing-impaired subjects had a mild to moderate high-frequency sensorineural hearing loss with a pure-tone average (PTA at 0.5, 1, and 2 kHz) G50 dB HL. At 1 kHz, there was no significant difference in the hearing thresholds between the YNH and ENH groups (p 9 0.6), whereas EHI subjects had significantly higher thresholds compared with those of the two normal-hearing groups (p G 0.0001). For all subjects, the difference between left and right ears in the frequency range from 0.25 to 3 kHz did not exceed 15 dB. Conductive hearing loss was ruled out by otoscopy and acoustic immittance testing. All participants had a negative history of persistent tinnitus, head trauma, and neurologic and psychiatric disorders. In addition, elderly subjects were screened for mild cognitive impairment and dementia using a German version of the neuropsychological assessment battery of the Consortium to Establish a Registry for Alzheimer's Disease (CERAD-NAB) (Welsh et al. 1994 ). This test has been recently introduced as a standard screening instrument for dementia in Germany, Switzerland, and Austria (Thalmann et al. 2000) . Normative values demographically adjusted for gender, age, and education are available. All elderly subjects passed the screening assessment.
The young subjects were mainly recruited from among local university students and the elderly from an institution called the Bsenior university.^Prior to testing, written informed consent was obtained from all subjects.
SPIN test
A modified German adaptation of the SPIN test was administered (Kalikow and Stevens 1977; Tschopp and Zü st 1994) . The test material consists of short sentences presented in a constant background noise of 70 dB SPL. The listener is asked to repeat the final word of the sentence. This word is always monosyllabic and may have either high predictability (HP) or low predictability (LP) from the preceding context of the sentence. An adaptive test procedure is used increasing or decreasing the speech level by 2 dB, according to whether the final word is recognized or not. The S/N ratio for which 50% of the final words are identified correctly is determined. For LP sentences, this S/N ratio is about j1 dB for young normalhearing subjects. Two LP lists of the SPIN test were presented monaurally to the right ear, and the mean S/N ratios were calculated.
Stimuli
For both psychoacoustic and electrophysiological tests, pure tones were used. The standard stimuli were 1000-Hz pure tones. To elicit ERPs, three deviant stimuli differing by 64, 32, and 16 Hz from the standard were created. All stimuli had 10-ms rise/ fall times and a steady-state portion of 200 ms and were presented at 70 dB SPL through an ER3 insert earphone.
All tests were performed under two test conditions: in quiet and with the presentation of a distracting contralateral background noise. For this purpose, a file containing digitally recorded speech babble was downloaded from the Internet (http:// spib.rice.edu/spib/data/signals/noise/babble.html; copyrights TNO, Soesterberg, The Netherlands). The source of this babble was 100 people speaking in a canteen. The file was copied to a compact disc with a 10-fold loop with a total duration of the signal of almost 40 min. The noise was presented at the level corresponding to the long-term average of 70 dB SPL. Pure-tone stimuli were presented to the right ear and the noise to the left ear through ER3 insert earphones with a S/N ratio of 0 dB.
Psychoacoustic procedure
The psychoacoustic procedure was replicated from a previous study by Moore and Peters (1992) . An adaptive three-interval, three-alternative forcedchoice procedure with visual feedback was used to determine frequency discrimination thresholds for a 1000-Hz sinusoid. A higher frequency occurred randomly in one of the intervals, whereas the frequency of the other two was 1000 Hz. The interstimulus interval was 300 ms. A three-down/ one-up procedure was used to estimate the discrimination threshold yielding a 79.4% performance level. The initial signal frequency was set at 1040 Hz. After three consecutive correct responses, the frequency difference was decreased by a factor of 1.4. After one incorrect response, the difference was increased by the same factor. Each run was terminated after 12 reversals or after a maximum of 80 trials. The frequency discrimination thresholds (delta f ) were estimated from the average of the last nine reversals.
Prior to data collection, each subject had one or more practice runs for each test condition. Consecutively, at least three runs with consistent threshold estimates were performed for the quiet and the noise condition. Runs were not accepted when the standard deviation was greater than the mean threshold value. The final frequency discrimination thresholds were determined by averaging the results from the three most consistent runs. Psychoacoustic testing was completed with all subjects before the electrophysiological testing.
Electrophysiological procedure
An oddball paradigm was used to elicit ERPs. There were three deviant stimuli with frequencies of 1064, 1032, and 1016 Hz. The lowest of these frequencies was slightly above the mean frequency discrimination thresholds obtained in the psychoacoustic task performed before the electrophysiological testing. It has been shown that a 1016-Hz deviant is the smallest frequency contrast that still elicits an MMN in young normal-hearing subjects (Sams et al. 1985) .
Stimuli were presented with an interstimulus interval (offset-to-onset) of 500 ms in blocks of 500 stimuli. The deviants/targets occurred among the standard stimuli at a probability of 0.15 in a pseudorandomized sequence, with at least three standard stimuli preceding each deviant. Each deviant type (either 1064, 1032, or 1016 Hz) was presented in two blocks, which were run during separate recording sessions. Stimuli were presented with and without contralateral noise under both passive and active listening conditions yielding four different test conditions: unattended quiet, unattended noise, attended quiet, and attended noise.
Recordings were conducted in a sound-treated and electrically shielded room. There were four recording sessions, each containing six runs. In total, 24 runs were presented to each subject. During the first two sessions, subjects were instructed to ignore the sounds and to concentrate on reading a text of their own choice. In the two following sessions, subjects were asked to attend to the sounds and to press a button on a response box when they heard a deviant stimulus. Measures of reaction time (RT) and number of hits and false alarms were obtained by the STIM software of the Neuroscan system. A hit occurred when the subject responded to a deviant within a response window of 100Y1000 ms after stimulus onset. The dS detectability indexes were calculated for each of the three deviants for the quiet and noise conditions (Swets 1964) .
EEG recording
The EEG was recorded using a Neuroscan QuickTrace system and disposable surface silver electrodes at Fz, Cz, Pz, left mastoid (LM), right mastoid (RM) according to the International 10/20 system, and at L1 (midway between Fz and LM) and R1 (midway between Fz and RM). An electrode placed at the tip of the nose served as the reference and a forehead electrode as ground. Two electrodes placed above and below the left eye were used to monitor for vertical eye movements and eye blinks. Impedance was kept below 5 kW and was controlled during the recording sessions.
The EEG (band pass 0.05Y100 Hz) was recorded continuously at a sampling rate of 500 Hz and stored on a disc for off-line averaging. An ocular artifact reduction algorithm was used to reduce contamination by eye movements. EEG epochs of 700 ms, starting 100 ms prior to stimulus onset, were obtained, baseline corrected (j100Y0 ms), and averaged separately for the standard and deviant/target stimuli. Epochs containing artifacts exceeding T100 mV were rejected from averaging. Event-related potential waves were digitally band-pass filtered at 0.1Y30 Hz.
Electrophysiological data analyses
For each subject and each of the four conditions, averages were created for the standards and for each of the three deviants. Replications were averaged together for each condition and stimulus type. Individual difference waveforms were obtained by subtracting the response to the standard stimulus from the response to the deviant stimulus. Grand mean average waveforms were calculated for each subject group and deviant type from the four test conditions.
Individual mean standard waveforms were created for each of the four conditions by averaging the three standard responses together. P1, N1, and P2 peak amplitudes and latencies were measured in the responses to the standard stimuli at Cz. The latency windows determined based on the respective grand average waveforms were 30Y80 ms for P1, 60Y130 ms for N1, and 120Y270 ms for P2. To analyze the negative deflection following P2, which will be labeled subsequently N2, two mean amplitude voltages were measured in the standard waveforms for the 200Y350 and the 350Y500 ms latency ranges (N2 early and N2 late , respectively). The decision to calculate two mean amplitudes was based on a visual inspection of the four standard waveforms revealing different effects of noise and attention on the two latency ranges between the subject groups.
Mismatch negativity measurements were performed on the difference waveforms of the unattended condition. First, for each subject group, deviant type, and condition, MMN peak latencies were identified in the grand mean difference waveforms considering both the response at Fz and the inversion at the mastoids. Individual MMN mean amplitudes were then measured at Fz in the 50-ms latency window surrounding the mean MMN peak latency (25 ms on either side). At the group level, a point-bypoint one-tailed paired t test was performed on the difference waves to determine the time period during which the MMN differed significantly from zero. Based on the method described by Guthrie and Buchwald (1991) for evaluating the statistical significance of difference potentials, a continuous significant interval of at least 12 sampling points (24 ms) was considered to be sufficient to determine the presence of MMN at the 5% level. A positivity following the MMN was also analyzed. First, the peak latencies of the positive wave were determined in the grand mean difference waveforms of the young subjects for each deviant type and noise condition. Then the individual mean voltages were calculated at Fz for a 50-ms time window around the peak latency.
N2b and P3b peak amplitudes and latencies were measured in the difference waves of the attended condition. N2b was defined as the largest negativity occurring between 190 and 380 ms at Cz and P3b as the largest positivity between 290 and 560 ms at Pz.
Electrode sites for each peak were selected because amplitudes were largest at those sites. The decision to restrict data analysis to one electrode was based on a visual inspection of the scalp distribution of ERPs showing that the results were not specific to the selected electrodes but consistent with adjacent electrodes. Furthermore, preliminary repeated-measures analyses of variance (ANOVAs), including electrode sites Fz, Cz, Pz, L1, and R1, had yielded the same main effects as ANOVAs performed for a single electrode. Event-related potential amplitudes and latencies as well as psychoacoustic and behavioral measures were analyzed using repeated-measures ANOVAs with factors subject group (YNH, ENH, EHI), frequency deviance (1064, 1032, 1016 Hz), noise condition (quiet, noise), and attention condition (unattended, attended). Effects of attention will be reported elsewhere in more detail, the focus of the present report being the effects of age, hearing loss, and noise. Fisher's PLSD post hoc measures were performed to investigate significant main effects or interactions.
RESULTS
SPIN test
The average S/N ratio of the SPIN tests was j0.4 dB (SD T1.6 dB, range j2.4Y2.6 dB) for the YNH, j1.4 dB (SD T1.6 dB, range j4.0Y1.4 dB) for the ENH, and 6.4 dB (SD T7.0 dB, range 1.2Y20.0 dB) for the EHI subjects. The two normal-hearing groups had significantly smaller S/N ratios compared with those of the EHI group (p values G0.002). No significant difference was found between YNH and ENH subjects (p 9 0.5).
Psychoacoustic frequency discrimination task
The mean frequency discrimination thresholds of the three subject groups for the quiet and noise conditions are depicted in Figure 2 . The mean frequency discrimination thresholds in quiet for the 1000-Hz pure tone were 4.5 Hz (SD T1.8 Hz) for the YNH, 6.6 Hz (SD T2.7 Hz) for the ENH, and 9.4 Hz (SD T6.2 Hz) for the EHI subjects. When cafeteria noise was presented contralaterally, discrimination thresholds increased in all three groups compared with those obtained in the quiet condition: YNH by 1.5 Hz (SD T 1.5 Hz), ENH by 0.7 Hz (SD T2.3 Hz), and EHI by 2.8 Hz (SD T8.8 Hz). A two-way repeated-measures
Mean frequency discrimination thresholds (T1 SD) of the three subject groups for the quiet and noise conditions. ANOVA revealed a significant main effect for subject group (see Table 1 ). Post hoc tests showed that the YNH subjects performed significantly better than those of the EHI group (p G 0.02). No significant differences were found between YNH and ENH (p 9 0.4) and between ENH and EHI groups (p 9 0.07). Thus it appears that age-related hearing loss, but not age by itself, affects frequency discrimination. There was also a significant main effect of noise condition, but no significant subject group and noise condition interaction suggesting a similar effect of background noise for the three groups. Variability of discrimination thresholds was considerably larger in the elderly subjects with hearing loss due to three subjects with increased frequency discrimination thresholds compared with the group mean.
Behavioral data from the active condition of the electrophysiological tests d S detectability indexes. Figure 3a displays the dS detectability indexes for the 1016-, 1032-, and 1064-Hz targets obtained from the attended condition of the electrophysiological testing. In all three subject groups, dS scores increased with increasing frequency contrasts and decreased with the presentation of contralateral background noise. This effect was largest for the smallest frequency contrast. The effect of noise was similar for the three subject groups. The results of a repeated-measures ANOVA indicated a significant main effect for subject group, noise condition, and stimulus deviance (Table 1) . There was also a significant interaction of noise condition and stimulus deviance, indicating that the effect of background noise was larger for the smaller frequency contrasts. Post hoc analyses of the group effect showed a significant difference of dS between the ENH and EHI subjects (p G 0.004). It should be noted that the ENH subjects had higher dS detectability indexes for all three targets in quiet and in noise compared with those of the YNH group, although this difference did not reach significance (p 9 0.1).
There was no significant interaction of subject group and noise condition indicating a similar effect of contralateral cafeteria noise for the three groups.
Reaction times. Figure 3b displays the reaction times for the 1016-, 1032-, and 1064-Hz targets from the quiet and noise conditions. There was no significant subject group effect on RTs. RTs increased significantly with the presentation of contralateral cafeteria noise and with decreasing frequency contrasts. Again, the effect of noise was similar for the three subject groups. In summary, results of the psychoacoustic test as well as the behavioral data (dS, RT) obtained during the active ERP conditions did not reveal a significant decline in frequency discrimination with age alone. However, hearing loss affected frequency discrimination significantly. Furthermore, the effect of a contralateral background noise was similar for the three subject groups, indicating a lack of an age-specific decline of behavioral frequency discrimination.
Electrophysiological data
P1, N1, P2, and N2 in standard waveforms. Figure 4 depicts the grand mean standard waveforms at all eight electrode sites for the unattended quiet condition. Figure 5 displays the grand mean standard waveforms at electrode site Cz for the four test conditions and the three subject groups. In Figure 6 , the responses to the standard stimuli from the quiet and noise conditions are plotted for the three subject groups in the unattended and attended conditions. The P1, N1, and P2 components represent the earlier and mainly sensory-perceptual stages of processing. They are sensitive to changes in the physical characteristics of the stimuli and can be elicited regardless of the subject's attention to the stimuli. P2 was followed by a sustained negativity lasting from about 200 to 500 ms (N2 early and N2 late ) in the young subjects in all four conditions. This negativity was not seen in the waveforms of the elderly subjects.
Amplitudes. The results of a three-way repeatedmeasures ANOVA with factors subject group, noise condition, and attention condition performed separately for P1, N1, and P2 peak amplitudes and latencies and N2 mean amplitudes are summarized in Table 2. P1: There was a significant main effect of subject group, attention, and noise condition. There were no significant interactions with subject group suggesting similar effects of attention and noise in young and elderly subjects. Post hoc analyses indicated that the YNH subjects had significantly smaller P1 amplitudes than the ENH (p G 0.04) and EHI groups (p G 0.004).
N1: There was a significant main effect of attention for N1. With attention, N1 amplitudes increased. There were no significant main effects of subject group and noise condition, but there was a significant interaction between them indicating a different effect of noise on N1 amplitude in the subject groups. Post hoc tests showed that the EHI subjects had significantly smaller N1 amplitudes than those FIG. 4 . Grand mean standard waveforms of the three subject groups (YNH, ENH, EHI) from the unattended quiet condition at all eight electrode sites.
FIG. 5.
Grand mean standard waveforms of the young normalhearing (YNH), elderly normal-hearing (ENH), and elderly hearingimpaired (EHI) subjects from the four test conditions (unattended quiet, unattended noise, attended quiet, and attended noise) recorded at electrode site Cz.
FIG. 6.
Grand mean standard waveforms of the three subject groups (YNH, ENH, EHI) and two attention conditions (unattended, attended) as a function of the noise condition (quiet, contralateral cafeteria noise) recorded at electrode site Cz.
seen in the YNH data in quiet (p G 0.04) and in noise (p G 0.0007) when the stimuli were unattended. In addition, N1 amplitudes were significantly smaller in the EHI subjects compared with those of the ENH group in the unattended noise condition (p G 0.01). Whereas N1 amplitudes increased in the YNH subjects when contralateral cafeteria noise was presented, the amplitudes of the responses from the ENH group decreased with noise in the unattended and increased in the attended condition. N1 amplitudes of the EHI subjects decreased with noise in both attention conditions. Separate ANOVAs for the unattended and attended conditions were also performed. They revealed a significant decrease of N1 amplitude in the unattended condition in the EHI group compared with the two normal-hearing groups (p G 0.004 and p G 0.03, respectively) but not in the attended condition (p 9 0.3).
P2: P2 amplitudes did not differ between the three subject groups. There was a significant main effect of attention and noise on P2 amplitude. With attention, P2 amplitudes increased. Presence of contralateral cafeteria noise reduced P2 amplitudes in all subject groups, regardless of whether stimuli were ignored or attended to. The degree of this effect was similar for the young and elderly subjects, as there was no signifcant interaction of noise condition with subject group.
N2: A three-way repeated-measures ANOVA yielded a significant main effect of subject group for the early and late portion of N2. Post hoc tests indicated that both the ENH and EHI subjects had significantly smaller N2 mean amplitudes compared with those of the YNH group (N2 early : p G 0.002 and G0.005; N2 late : p G 0.007 and G0.003). There was also a significant main effect of attention for N2 early and N2 late . Furthermore, there was a significant interaction of attention with subject group for N2 late indicating that in the young subjects, the negative deflection increased when attention was directed to the stimuli, whereas in the elderly subjects, the opposite trend was found. Presentation of contralateral noise increased the early and late portions of the negativity in all three subject groups significantly.
Latencies. No significant effect of subject group on P1 and N1 latencies was found, but both elderly subject groups had significantly increased P2 latencies compared with the young subject group (post hoc : ENH p G 0.04; EHI p G 0.002). A significant noise effect was found for N1 and P2 latencies, indicating increased latencies in the presence of background noise. There was a significant main effect of attention on P1, N1, and P2 latencies. For P1, latencies decreased, whereas for N1 and P2, latencies increased with attention. A significant interaction of attention condition with noise condition for P2 latency suggests that the effect of noise was more pronounced when the stimuli were attended. 
MMN in unattended difference waveforms
Figure 7 depicts the grand average difference waves of the quiet condition in response to the three frequency contrasts at electrode sites Fz and LM for the three subject groups. In Figure 8 , the grand average waveforms of the three subject groups are shown for the test conditions with and without presentation of contralateral cafeteria noise. The MMN indicates whether a rare deviant stimulus occurring occasionally among a series of frequent standard stimuli has been detected. It is considered to be an automatic response that can be elicited in the absence of conscious attention. Mismatch negativities are visible in the difference waveforms of the 1064-and 1032-Hz deviants in all three groups. The MMNs of the YNH subjects, in particular, the response to the 1032-Hz deviant, were larger in amplitude compared with those of the ENH and EHI groups. In the waveforms of the young subjects, the MMN negativity was followed by a large positive difference wave at a latency of 200Y350 ms at Fz and Cz, with inverted polarities at LM and RM. This positivity could be seen for all three frequency contrasts. In the difference waves of the elderly subjects, this positivity was absent. Table 3 gives an overview of a point-by-point onetailed paired t test performed on the difference waves to determine presence/absence of MMN for the three subject groups and various conditions. Individual MMN mean amplitudes were measured from the difference waves at Fz within specified latency windows determined on the basis of the grand average waveforms of each subject group and frequency contrast.
A three-way repeated-measures ANOVA was performed on the mean MMN amplitudes (see Table 4 ). There was a significant main effect of noise condition and stimulus deviance. There was no significant effect of subject group on MMN amplitude and no significant interaction between subject group and noise condition, indicating that the effect of noise on MMN amplitudes was similar for all subjects.
Mismatch negativity peak latencies were measured at the most negative point within the latency window for each condition and stimulus deviance. There was a significant main effect of noise condition and stimulus deviance. No significant effect of subject group was found. Mismatch negativity latencies increased significantly when contralateral cafeteria noise was presented and decreased with increasing frequency contrast between standard and deviant.
Individual mean amplitudes for the positivity following the MMN were measured at Fz within latency windows based on the grand average waveforms of the young subjects. A three-way repeatedmeasures ANOVA revealed a significant main effect of subject group and a significant interaction between subject group and noise condition (see Table  4 ). Post hoc tests showed that the young subjects had significantly larger mean positive deflections than both elderly groups (p values G0.002). Figure 9 displays the difference waveforms at all eight electrode sites of the attended condition for the 1064-Hz target. Figure 10 illustrates the difference waveforms of the attended condition at electrode site Cz for the three subject groups. Figure 11 depicts the difference waveforms of the attended condition as a function of contralateral cafeteria noise. The components N2b and P3b occur in response to a deviant stimulus, when the difference has been consciously perceived.
N2b and P3b in attended difference waveforms
FIG. 8.
Grand mean difference waveforms of the unattended condition for the three stimulus deviants and the three subject groups as a function of the noise condition (quiet, contralateral cafeteria noise) at electrode site Fz. Table 4 ). For N2b amplitude, significant main effects were found for subject group, noise condition, and stimulus deviance. Post hoc tests revealed that the YNH subjects had significantly smaller N2b amplitudes than the ENH (p G 0.002) and EHI groups (p G 0.003). There was an interaction of noise condition with subject group indicating that N2b amplitudes were reduced with noise in both elderly subject groups (p G 0.05 and p G 0.004, respectively), but not in the young group (p 9 0.8).
There was also an interaction of stimulus deviance with subject group. In the elderly, N2b amplitudes increased with increasing stimulus deviance, whereas in the young subjects, N2b amplitudes tended to decrease. An interaction of noise condition and stimulus deviance indicated that the effect of noise was different for the three frequency contrasts.
Similar results were found for the P3b amplitude with main effects of subject group, noise condition, and stimulus deviance. That is, P3b amplitudes were significantly reduced in both the ENH and EHI subjects as compared with those of the YNH group (p G 0.04 and p G 0.003, respectively). Noise reduced P3b amplitudes significantly in all three subject groups. A significant interaction of subject group and stimulus deviance indicated that both the YNH and ENH subjects had increasing P3b amplitudes with increasing stimulus contrast, whereas in the EHI data, the degree of deviance had no effect on P3b amplitude.
Latencies. There was a significant main effect of subject group on both N2b and P3b latency. According to post hoc tests, the responses of the ENH and EHI subjects were delayed compared with those of the YNH group (N2b: p G 0.0001 and p G 0.0004, respectively; P3b: p G 0.0001 for both elderly groups). In addition, the EHI subjects had significantly longer 
FIG. 9.
Grand mean difference waveforms of the attended condition in response to the 1064-Hz target at all eight electrode sites for the three subject groups (YNH, ENH, EHI).
FIG. 10.
Grand mean difference waveforms of the attended condition in response to the 1016-, 1032-, and 1064-Hz targets at electrode site Cz for the three subject groups (YNH, ENH, EHI).
N2b latencies compared with the ENH group (p G 0.05). P3b latencies did not differ significantly between the two elderly subject groups (p 9 0.1).
The presentation of contralateral cafeteria noise further delayed the latencies of N2b and P3b. This effect was similar for all three subject groups, as there was no interaction of subject group and noise condition.
Correlation between electrophysiological and behavioral measures
The association between ERP measures (MMN, N2b, and P3b amplitudes and latencies) and behavioral measures (dS, RT, delta f, S/N ratio) of auditory discrimination performance was investigated using Pearson's product-moment correlations. To reduce the number of correlation coefficients, data of the three deviance levels (1064, 1032, and 1016 Hz) from each condition were averaged together. The correlation coefficients are displayed in Table 5 . Most correlations (37 out of 48) were not significant. The most consistent correlations with behavioral measures were found for N2b latency (five out of eight) and, to a minor extent, for P3b latency (three out of eight). For the amplitude measures, only three out of 24 correlations were significant (MMN, P3b). With one exception, all significant correlations were obtained for the behavioral indexes derived from adaptive test procedures (delta f, S/N ratio), but not for the behavioral indexes from ERP testing.
DISCUSSION
Summary of main findings
Given the known age-related impairment of selective attention processes, some age-specific effect of a distracting contralateral noise on auditory processing might have been expected. However, with the exception of the early ERP component N1, noise did not affect auditory processing differently in young and elderly listeners, even in those elderly subjects with presbycusis.
Another important finding was that there were pronounced differences in the morphology of ERPs (mainly the standard N2 and the later components N2b and P3b) between young and elderly subjects, even in those elderly subjects with normal hearing at the test frequencies. In contrast, the behavioral test results were similar for the young and elderly normal hearing subjects. This dissociation between behavioral and physiological data might suggest that the same auditory input is processed differently with increasing age to maintain behavioral performance.
Age-related hearing loss affected behavioral frequency discrimination and speech perception in noise (as indicated by the increased S/N ratio in the SPIN test) significantly. In contrast, there were only few differences (N1 amplitude decrease, N2b latency increase) in the ERPs between elderly subjects with or without audiometric presbycusis indicating that a mild-to-moderate hearing loss does not FIG. 11 . Grand mean difference waveforms of the attended condition for the three stimulus targets and the three subject groups as a function of the noise condition (quiet, contralateral cafeteria noise) at electrode site Cz.
TABLE 5
Correlation coefficients between ERP parameters (MMN, N2b, and P3b amplitudes and latencies) and behavioral measures (dS, RT, delta f, S/N ratio) result in pronounced changes in the ERPs of the elderly subjects.
Effects of noise
Auditory processing was negatively affected by the presence of competing noise at all levels from the earlier sensory-perceptual to the later cognitive stages, as indicated by smaller amplitudes and increased latencies for the majority of ERP components. The effect of noise on ERPs corresponded well to the significant decline in behavioral frequency discrimination. In general, and in contrast to what might have been expected, contralateral distracting noise did not affect auditory processing differently in young and elderly listeners, arguing against a susceptibility to the effects of distracting noise specific to age or age-related hearing loss.
A somewhat different and inconsistent response pattern was found for the effect of noise on N1. N1 is known to be related to the audibility of the stimulus. It increases linearly in amplitude with increasing intensity reaching saturation only at relatively high presentation levels (Pfefferbaum et al. 1979; Hyde 1997) . Whereas N1 amplitudes were larger in the YNH group with noise in both attention conditions, they decreased in the EHI subjects, regardless of whether they ignored or attended to the stimuli (Fig. 6) , indicating that the audibility of the stimuli was reduced by noise and hearing loss.
An intermediate pattern was found in ENH subjects with reduced N1 amplitudes in the unattended condition and increased amplitudes in the attended condition (Fig. 6 ). An amplitude increase of N1 has been shown not only by increasing intensity of the stimulus but also by directing attention to the stimuli (Hillyard et al. 1973) . The contralateral noise could have acted as an enhancer of the attentional resources directed to target stimuli explaining the larger N1 amplitudes of the YNH and ENH subjects in the attended condition. Interestingly, the young subjects had larger N1 amplitudes in noise even when the auditory input was ignored. This could indicate that young and normal-hearing adults are more able to separate an auditory event from a distracting continuous noise without directing overt attention to it. The lack of a noise-enhanced N1 in the EHI data, even when they attended to the stimuli, suggests that the combined effect of noise and hearing loss on auditory perception could not be compensated for by attentional efforts.
In our study, noise and signals could be easily discriminated based on the stimulus type (cafeteria noise versus pure tones) and auditory channel (right versus left ear). This may have contributed to the lack of specific age-related effects of noise on auditory processing other than N1 amplitude. Studies of selective attention have shown that an age-related deficit may become more evident when the differences between target and distractor are small (Plude et al. 1994; Karayanidis et al. 1995) . More difficult test conditions, such as binaural or ipsilateral presentation of stimuli and noise or speech signals instead of pure tones within a speech babble noise, might be more suited to reveal age-specific effects. For example, Tun and Wingfield (1999) showed that age differences in the ability to process spoken language in the presence of background noise emerged only when the noise consisted of one or two competing speakers or a multitalker babble, but not with white noise.
Another possible reason for the lack of a specific age-related noise effect is that the ENH subjects had elevated thresholds for the frequencies from 4 to 8 kHz. This high-frequency hearing loss could have decreased the audibility of the noise, facilitating frequency discrimination and masking a hypothetical age-specific susceptibility to a distracting noise.
Effects of age
In contrast to the weak age-specific noise effect, pronounced age-related changes occurred in the later components of both the standard (Fig. 5) and difference ( Fig. 10) ERP waveforms, concerning N2, N2b, and P3b. Changes in amplitude and latency of the earlier standard components P1, N1, and P2 and in the MMN were comparatively small or absent. In addition, behavioral performance was not influenced by age alone because the elderly subjects with normal hearing in the test frequencies performed just as well as the young subjects.
N2 in standard waveforms. The most evident agerelated difference in the standard ERP waveforms was the missing N2 in the elderly subjects (Fig. 5) . Little is known about the functional significance of this negativity. N2 early lies within the same latency range of 200Y350 ms as the sleep N2 or N350, which is observed during drowsiness and sleep. It is considered to reflect a mechanism contrary to attention, preventing conscious processing and facilitating sleep. A recent study from Kallai et al. (2003) provided evidence that the sleep N2 may also emerge during waking conditions if a stimulus is truly ignored. Thus the N2 in the responses to the standard stimuli of the young subjects could reflect the inhibition of the processing of irrelevant information, whereas the lack of N2 in the elderly could be interpreted as a decrease in the capability to suppress successfully the processing of irrelevant stimuli.
MMN and the positivity following MMN. No significant age effect on MMN amplitudes and latencies was found, although there was a trend toward smaller amplitudes and increased latencies. In particular, some discrepancy between statistical analysis and visual inspection was present for the 1032-Hz deviant showing a considerably larger MMN in the difference waveform of the young subjects. This lack of a significant age effect may be due to the intersubject variability of the data and outliers in the groups of young and elderly hearing-impaired subjects. Elderly subjects were less sensitive to the smallest frequency contrast, as indicated by the missing MMN to the 1016-Hz deviant. The current results are in agreement with studies of Gaeta et al. (1998) and Bertoli et al. (2002) , which reported also a missing MMN to the smallest deviants along with smaller amplitudes and increased latencies for the elderly subjects. These findings may indicate that automatic preattentive auditory discrimination becomes less sensitive in the elderly.
In contrast to the relatively small age effect on MMN, the positivity following the MMN was highly different between young and elderly subjects (Fig. 7) . This component could be interpreted as a P3a. In contrast to the P3b in attended conditions, the P3a is elicited in unattended conditions by larger stimulus contrasts, which induce an involuntary attention shift toward the stimuli. The small stimulus contrasts used in this study and the fact that the positivity inverted polarities at the mastoids, whereas a P3a-like component would not, argue against this interpretation. Based on inspection of the original standard and deviant waveforms, we suggest another explanation. The positivity in the difference waveform may derive either from an increased positivity in the deviant waveform, from an increased negativity in the standard waveform, or both. Figure 12 depicts the grand average waveforms at Fz elicited by the standard and deviant stimuli. A clear negativity, the N2 early , can be noted in the standard waveforms of the young subjects in the latency range of the post-MMN positivity. This negativity is more pronounced than the positive deflection in the three deviant waveforms. Thus the post-MMN positivity appears to reflect the pronounced N2 in the young subjects rather than a P3a-like component.
N2b and P3b. The most evident age-related changes in the ERP difference waveforms were found for the late components N2b and P3b (Fig. 10) . In contrast to other studies, N2b amplitude was significantly larger in the elderly. The different results might be related to differences in the degree of stimulus contrasts. Typically, large and easily discriminable deviations of the target from the standard stimulus, such as 1 versus 2 kHz, have been used in studies reporting smaller (Enoki et al. 1993; Friedman et al. 1993; Iragui et al. 1993; Anderer et al. 1996) Amenedo and Diaz 1998b) in the elderly. Fitzgerald and Picton (1983) found that N2b increased significantly with increasing discrimination difficulty. They proposed that N2b is controlled much more by attention than by deviance of the stimuli. The N2b can be long and large if the subject considers it worthwhile to allocate much effort to the evaluation of the signals. In this view, the large and delayed N2b of the elderly subjects in the current study could indicate that larger attentional resources had to be directed to the analysis of the target stimulus. The view that N2 amplitude is related to the listener's efforts and/or to the significance the listener attributes to the stimuli is supported by studies performed with cochlear implant users (Okusa et al. 1999) and individuals who became blind at an early age (Kujala et al. 1992) . Much larger N2 amplitudes were found in these patients than in normal listeners.
Psychoacoustic performance and ERP data
Age-related differences in ERP waveforms did not correspond to behavioral performance, whether obtained psychoacoustically in separate sessions or during the ERP measurements. The ENH subjects performed just as well as those in the YNH group. The discrepancy between behavioral and electrophysiological data is supported by the lack of consistent significant correlations between the two measures, in particular, for N2b and P3b amplitudes (Table 5) .
The most consistent significant correlations were found for N2b latencies. This component reflects the early stages of stimulus evaluation and classification processes (Hillyard and Picton 1987) . The timing of these processes related to the discrimination of stimuli appears to be the best predictor of behavioral performance.
FIG. 12.
Grand mean responses to the standard and the three deviant stimuli of the unattended condition at electrode site Fz for the three subject groups.
In view of the speed and accuracy with which the elderly responded in the behavioral task, it must be concluded that in cognitively healthy and normalhearing elderly subjects, behavioral performance may be well maintained, but that different central auditory processing strategies are used. The reasons for applying different strategies may be functional, structural, or a combination of these two changes in the brain. One major finding of age-related ERP differences was the lack of N2 in the standard response, which was interpreted as a deficit in inhibiting the processing of irrelevant standard information. To compensate for this inhibitory deficit, more attention and time must be employed to evaluate the target stimuli, as indicated by the larger and later N2b. As a consequence, auditory processing becomes more difficult and less efficient, which is reflected by the later and smaller P3b. However, the elderly subjects in our study were still able to perform the task successfully without complaining about being tired or exhausted after testing, as one may have expected from the pronounced ERP changes. This indicates that the elderly's different processing strategies, although being more demanding, can still compensate for the structural changes occurring in the aging brain. One might also argue that ERPs may be suitable for revealing a processing deficit before it is manifested behaviorally.
Effects of hearing loss
The effect of hearing loss was evaluated by comparing two groups of elderly subjects with different audiometric profiles. Some elevation of hearing thresholds in the high-frequency range is inevitably associated with age, which was also present in our elderly subjects considered to have normal hearing for their age. Their thresholds were comparable to those of the young subjects at the frequencies of the test stimuli. Moreover, they performed just as well on the SPIN test and the behavioral tasks as did the YNH subjects. Although the high-frequency threshold elevation may have had an effect on the distracting noise, there is no evidence for such an influence on ERP or behavioral data.
Overall, hearing-loss-related changes in amplitude and latency of ERP components were relatively small. The ENH and EHI groups differed significantly only in N1 amplitude and N2b latency. Thus age appeared to have a greater impact on ERPs than did hearing loss. Nevertheless, such a conclusion must be made with caution because of the lack of a group of young subjects with comparable hearing loss and because of the possible confounding effect of high-frequency hearing loss in the ENH subjects. The decrease of N1 amplitude in the EHI subjects is in agreement with the sensitivity of the N1 component to the physical representation of the auditory stimulus. A decrease in N1 amplitude has been reported by Wall et al. (1991) in a group of subjects as the only significant effect of mild-to-moderate hearing loss.
CONCLUSIONS
Based on the results from the psychoacoustic and electrophysiological tests reported here, several factors may contribute to the hearing difficulties of elderly persons. Sensorineural hearing loss clearly deteriorates frequency discrimination and speech perception in noise. Aging, both in subjects with relatively normal hearing and with hearing loss, is associated with pronounced changes of the later cognitive ERP components, reflecting a decrease in inhibitory control of irrelevant stimuli, a decreased sensitivity of automatic preattentive stimulus discrimination, and a more effortful and delayed stimulus evaluation. These results support current concepts of presbycusis suggesting a combination of peripheral, central auditory, and cognitive factors underlying the hearing difficulties of elderly persons.
